This study was designed to elucidate the mechanism underlying the inhibition of endothelial cell growth by laminar shear stress. Tumor suppressor gene p53 was increased in bovine aortic endothelial cells subjected to 24 h of laminar shear stress at 3 dynes (1 dyne ‫؍‬ 10 N)͞cm 2 or higher, but not at 1.5 dynes͞cm 2 . One of the mechanisms of the shear-induced increase in p53 is its stabilization after phosphorylation by c-Jun N-terminal kinase. To investigate the consequence of the shear-induced p53 response, we found that prolonged laminar shear stress caused increases of the growth arrest proteins GADD45 (growth arrest and DNA damage inducible protein 45) and p21 cip1 , as well as a decrease in phosphorylation of the retinoblastoma gene product. Our results suggest that prolonged laminar shear stress causes a sustained p53 activation, which induces the up-regulation of GADD45 and p21 cip1 . The resulting inhibition of cyclin-dependent kinase and hypophosphorylation of retinoblastoma protein lead to endothelial cell cycle arrest. This inhibition of endothelial cell proliferation by laminar shear stress may serve an important homeostatic function by preventing atherogenesis in the straight part of the arterial tree that is constantly subjected to high levels of laminar shearing. H emodynamic forces regulate the structure and function of the blood vessel wall (1, 2). Vascular endothelial cells (ECs), located at the interface between the circulating blood and the blood vessel, are exposed to shear stresses resulting from the tangential forces exerted by the flowing fluid on the vessel wall. The magnitude and pattern of the shear stress acting on ECs depend on blood flow, blood viscosity, and the vascular geometry, which varies with the location in the vascular tree. In regions of the vascular tree that have predilection for atherosclerotic lesions (e.g., branch points of large to medium arteries), the complex flow pattern is associated with low shear stresses that exhibit large spatial variations. In contrast, in the straight parts of the arterial tree, which are generally spared from atherosclerosis, blood flow is more laminar, and the high level of shear stress shows little spatial variations. Previous in vitro and in vivo findings have shown that ECs respond to shear stress in a magnitude-and flow pattern-dependent manner (3-5). ECs subjected to a long duration of laminar shear stress at the relatively high levels seen in the straight part of the arterial tree [i.e., on the order of 10-20 dynes (1 dyne ϭ 10 N)͞cm 2 ] have been found to have a lower rate of DNA synthesis than that under static condition (6). This shear-induced reduction of DNA synthesis, which indicates a decrease in cell proliferation, is not seen in ECs subjected to low shear stresses at 1-5 dynes͞cm 2 (6-8). The molecular mechanisms by which EC growth is regulated by the high level of sustained laminar shear stress seen in the lesion-resistant part of the arterial tree have not yet been clearly established. The elucidation of these mechanisms underlying the important medical problem of the regional predilection of atherogenesis requires an interdisciplinary approach combining engineering mechanics and molecular͞cellular biology.
H
emodynamic forces regulate the structure and function of the blood vessel wall (1, 2) . Vascular endothelial cells (ECs), located at the interface between the circulating blood and the blood vessel, are exposed to shear stresses resulting from the tangential forces exerted by the flowing fluid on the vessel wall. The magnitude and pattern of the shear stress acting on ECs depend on blood flow, blood viscosity, and the vascular geometry, which varies with the location in the vascular tree. In regions of the vascular tree that have predilection for atherosclerotic lesions (e.g., branch points of large to medium arteries), the complex flow pattern is associated with low shear stresses that exhibit large spatial variations. In contrast, in the straight parts of the arterial tree, which are generally spared from atherosclerosis, blood flow is more laminar, and the high level of shear stress shows little spatial variations. Previous in vitro and in vivo findings have shown that ECs respond to shear stress in a magnitude-and flow pattern-dependent manner (3) (4) (5) . ECs subjected to a long duration of laminar shear stress at the relatively high levels seen in the straight part of the arterial tree [i.e., on the order of 10-20 dynes (1 dyne ϭ 10 N)͞cm 2 ] have been found to have a lower rate of DNA synthesis than that under static condition (6) . This shear-induced reduction of DNA synthesis, which indicates a decrease in cell proliferation, is not seen in ECs subjected to low shear stresses at 1-5 dynes͞cm 2 (6) (7) (8) . The molecular mechanisms by which EC growth is regulated by the high level of sustained laminar shear stress seen in the lesion-resistant part of the arterial tree have not yet been clearly established. The elucidation of these mechanisms underlying the important medical problem of the regional predilection of atherogenesis requires an interdisciplinary approach combining engineering mechanics and molecular͞cellular biology.
p53 is a transcription factor that is activated in various cell types in response to a variety of environmental stresses, including DNA-damaging agents, UV and ionizing irradiation, and hypoxia (9) . In response to those stresses, p53 is accumulated as a result of an increased stability by phosphorylation at its N terminus (10) . Several kinases, including casein kinases I and II, protein kinase A, cyclin-dependent kinase (cdk) 7, ataxiatelangioectasia mutated protein, and DNA-activated protein kinase, have been shown to phosphorylate p53 in vitro (10, 11) . Recently, c-Jun N-terminal kinase (JNK) was shown to phosphorylate p53 in vitro with a concomitant increase in p53 half-life through a decrease in p53 ubiquitination (12, 13) . JNK is known to mediate the signaling events in ECs in response to shear stress (14) (15) (16) . Therefore, it is of interest to investigate the role of p53 in the shear-induced decrease in DNA synthesis and the effect of JNK on the shear regulation of p53.
An increase of p53 leads to the induction of growth arrest genes such as p21 cip1 and the growth arrest and DNA damage inducible gene 45 (GADD45). GADD45 can be rapidly induced by various types of stresses, e.g., UV irradiation (17) , and its overexpression in various types of tumor cells causes an inhibition of cell growth (18) . p21 cip1 causes an inhibition of cdks (e.g., cdk4 and cdk6) in many types of cells, including ECs (19, 20) . A decrease in cdk activity causes retinoblastoma (Rb) hypophosphorylation, which occurs predominately in cells arrested at the G 0 ͞G 1 phase. Hence, we tested the hypothesis that increases of p53 phosphorylation and expression level by shear stress lead to growth inhibition as a result of the induction of GADD45 and p21 and the ensuing Rb hypophosphorylation.
The current study shows that shear stress induces p53 in a magnitude-and time-dependent manner. Laminar shear stress at 12 dynes͞cm 2 causes a JNK-mediated phosphorylation of p53 and an increase of the p53 level. Laminar shear stress also causes increases in GADD45 and p21 cip1 expression, a decrease of Rb phosphorylation, and a decrease in cell proliferation. This sequence of events provides a molecular mechanism by which long-term laminar shear stress inhibits EC proliferation.
Materials and Methods
Cell Culture. The experiments were performed on bovine aortic endothelial cells (BAECs), which were chosen because of their high DNA transfection efficiency and established arterial lineage. BAECs before passage 10 were maintained in DMEM (GIBCO͞BRL) supplemented with 10% FBS (GIBCO͞BRL) in a humidified 5% CO 2 -95% air incubator at 37°C.
Shear Stress Experiment. The parallel-plate flow chamber device (21) was used as an in vitro system to study the responses of cultured BAECs to laminar shear stress at the cellular and molecular levels. The basic design of the parallel-plate flow chamber is to allow a steady flow of fluid between two flat plates separated by a narrow gap created by using a gasket cutout. BAECs were cultured to confluence on the surface of one of the plates and exposed to the flow. The flow in the narrow gap between the two plates is laminar with a parabolic velocity profile. The wall shear stress on the surface of the plate ( wall ) can be calculated as
where Q is the volume flow rate, is the absolute fluid viscosity, and W, L, and h are the width, length, and gap height of the rectangular flow channel, respectively. ⌬P is the pressure difference between the inlet and the outlet of the flow channel, and the desired ⌬P level is attained by changing the relative vertical heights of two fluid reservoirs connected to the inlet and outlet of the flow chamber. The flow system was maintained at 37°C in a hood and equilibrated with 5% CO 2 -95% air.
Immunoblotting of p53, GADD45, p21, and Rb. Confluent BAECs were sheared for various durations with various magnitudes of shear stress as indicated. Cytoplasmic proteins were extracted by using a lysis buffer containing 0.1% Triton X-100. After centrifugation, the pellet of the cell lysate containing the nuclear proteins was subjected to SDS͞PAGE analysis followed by immunoblotting. p53 and Rb were detected by using antibodies obtained from PharMingen. GADD45 and P21 cip1 were detected by using antibodies obtained from Santa Cruz Biotechnology.
p53 Phosphorylation Assay. To determine whether JNK phosphorylates p53 in response to laminar shear stress, we performed JNK kinase activity assays by using GST-p53 as the substrate. Static or sheared BAECs were lysed in a lysis buffer containing 50 mM Hepes, pH 7.5, 0.15 M NaCl, 1 mM EDTA, 2.5 mM EGTA, 1% Triton X-100, 10 mM ␤-glycerophosphate, 1 mM NaF, 0.1 mM orthovanadate, 10 g͞ml leupeptin, 10 g͞ml aprotinin, 1 mM DTT, and 0.1 mM PMSF. JNK was immunoprecipitated with a polyclonal anti-JNK1 antibody (Santa Cruz) and protein ASepharose beads (Pharmacia Biotech). The kinase reaction was initiated by resuspending the immunoprecipitates in 30 l of a kinase buffer [50 mM Hepes, pH 7.5͞1 mM DTT͞2.5 mM EGTA͞10 mM MgCl 2 ͞20 mM ATP͞10 Ci (␥-32 P)ATP͞0.1 mM orthovanadate͞1 mM NaF͞10 mM glycerophosphate], and 2 g of GST-p53 was added as the substrate. After incubation at 30°C for 30 min, the reaction was terminated by the addition of 15 l of ϫ3 SDS sample buffer containing 0.18 M Tris⅐HCl, pH 6.8, 30% (vol͞vol) glycerol, 6% SDS, and 15% (vol͞vol) ␤-mercaptoethanol. The phosphorylated GST-p53 was separated on a 10% SDS͞PAGE and detected by autoradiography.
GADD45 Promoter Analysis. GADD45 promoter͞luciferase construct (22) and E6 plasmid were transfected into BAECs at 90% confluence by using the LipofectAmine method (GIBCO͞ BRL). The pSV-␤-galactosidase (␤-gal) plasmid, which contains a ␤-gal gene driven by the SV40 promoter and enhancer, was cotransfected to monitor the transfection efficiency. After transfection, the cells were either kept as static control or subjected to 12 dynes͞cm 2 of laminar shear stress for 24 h. The luciferase and ␤-gal activity assays were performed by following standard protocols.
Flow Cytometry for Cell Cycle Studies. BAECs were pulse labeled with 10 M BrdUrd during the last hour of shearing or static incubation. The cell isolation and labeling procedures were performed as described in the manufacturer's protocol (PharMingen). The BrdUrd-incorporated cells were detected by using FITC-conjugated anti-BrdUrd mAb. The total DNA content in the cell was stained by propidium iodine. The cells were analyzed by using the flow cytometer.
Results

Laminar Flow Causes a Magnitude-and Time-Dependent Increase in
p53 Level in ECs. BAECs were subjected to laminar shear stress of 0, 1.5, 3, 6, and 12 dynes͞cm 2 for 24 h and lysed for immunoblotting of p53. The application of laminar shear at 1.5 dynes͞ cm 2 for 24 h did not increase the p53 level in ECs compared with that in static control kept for the same duration (Fig. 1A ). An increase of shear stress to 3 dynes͞cm 2 increased the p53 level to 1.3 Ϯ 0.2-fold of static control (P Ͻ 0.05). Further increases of shear stress to 6 and 12 dynes͞cm 2 increased the p53 induction to 1.6 Ϯ 0.3-and 1.8 Ϯ 0.6-fold, respectively. These results indicated that shear stress causes p53 with a threshold between 1.5 and 3 dynes͞cm 2 . Beyond this threshold, the p53 level increased further as the shear stress was raised from 3 to 6 and 12 dynes͞cm In A, BAECs were subjected to laminar shear stress of 0, 1.5, 3, 6, and 12 dynes͞cm 2 for 24 h followed by immunoblotting by using an anti-p53 mAb. In B, BAECs were subjected to laminar shear stress at 12 dynes͞cm 2 for periods of time as indicated, followed by immunoblotting by using an anti-p53 mAb. (C) Laminar shear stress of 12 dynes͞cm 2 increases p53 phosphorylation by JNK. BAECs were subjected to laminar shear stress at 12 dynes͞cm 2 for periods of time as indicated or kept as static control represented by time 0. JNK was immunoprecipitated from BAEC lysates with an anti-JNK1 antibody, and the kinase activity of the isolated JNK was tested by using GST-p53 as a substrate in the presence of (␥-32 P)ATP.
phosphorylation of p53 to increase its stability in fibroblasts (12, 13) . Our earlier studies demonstrated that laminar shear stress is a potent stimulus for JNK activation in ECs (16) . Therefore, we investigated whether laminar shear-induced stabilization of p53 in ECs is because of its phosphorylation by JNK. JNK was immunoprecipitated from sheared and static BAEC lysates, and the kinase activity of the isolated JNK was assessed by using GST-p53 as the substrate. Fig. 1C shows that 30 min of laminar shear stress at 12 dynes͞cm 2 increased p53 phosphorylation by JNK and that this effect continued, although at a lesser level, throughout the 2-h period of study.
Laminar Flow Induces GADD45 and p21 cip1 Expression. Western blotting showed that the application of a laminar shear stress of 12 dynes͞cm 2 to BAECs for 24 h caused increases in the expressions of the growth arrest proteins GADD45 ( Fig. 2A) and p21 cip1 (Fig. 2B) , as compared with the static control.
Laminar Flow Induces GADD45 Promoter Activities Through p53. To study the mechanism by which laminar shear stress regulates GADD45 gene expression, we used the reporter assay in which the activation of an appropriate promoter would lead to the expression of a linked reporter gene such as luciferase, which can be readily assessed by the use of a luminometer. BAECs were transfected with a wild-type (wt) GADD45 promoter linked to a luciferase reporter gene and subjected to laminar shear stress at 12 dynes͞cm 2 for 24 h. The results of the reporter assay (Fig.  3) show that laminar shear stress increased the activity of the wt GADD45 promoter by 12.4-fold, indicating that laminar shear stress causes the transcriptional expression of GADD45 through its wt promoter.
The GADD45 promoter contains in its positions Ϫ204 to Ϫ190 a Wilms tumor suppressor gene 1 (WT1) binding site, the site on which p53 acts to regulate GADD45 promoter activity (22) . We studied the effect of mutating this portion of the GADD45 promoter by replacing it with a TA-rich sequence. BAECs were transfected with such a mutant (mt) of the GADD45 promoter linked to a luciferase reporter gene. As shown in Fig. 3 , laminar shear stress caused no significant induction of the mt GADD45 promoter, in contrast to the strong induction of wt GADD45 promoter.
To study further the involvement of p53 in the laminar shear-induced GADD45 expression, we used the E6 plasmid, which inhibits p53 activity by targeting it for degradation (23) . The E6 plasmid was cotransfected with the luciferase reporter gene-linked wt GADD45 promoter into BAECs. As shown in Fig. 4 show that the application of laminar shear stress for 2 h or longer did cause Rb hypophosphorylation, which was sustained for at least 24 h. The degree of Rb phosphorylation is known to vary in the cell cycle, with the hypophosphorylated form being the major moiety of Rb in the G 0 ͞G 1 phase. The Rb hypophosphorylation correlates well with our other findings of cell cycle arrest in response to laminar shear stress, i.e., increases in p53 ( Fig. 1 A and B ) and p21 cip1 (Fig. 2B) . Fig. 2 . Laminar shear stress induces GADD45 and p21 cip1 expression. Western blot analyses of the expression levels of GADD45 (A) and p21 cip1 (B) were performed on BAECs subjected to laminar shear stress at 12 dynes͞cm 2 for 24 h. Fig. 3 . Laminar shear stress induces GADD45 promoter activity through the regulation of p53. BAECs were transfected with GADD45 promoters͞ luciferase plasmid. The transfections include the wt GADD45 promoter, a mutant GADD45 promoter, and wt GADD45 promoter together with an E6 expression construct. Transfected BAECs were subjected to laminar shear stress at 12 dynes͞cm 2 for 24 h. The cells were then lysed and assayed for luciferase activity. The GADD45 promoter activities were normalized by using the cotransfected ␤-gal expression plasmid. * denotes P Ͻ 0.05 compared with the corresponding controls kept under static condition. Note the absence of shear induction of the mutant promoter and the marked reduction in the shear-induced wt GADD promoter activity when cotransfected with an E6 expression construct. 
Discussion
ECs in the straight parts of the arterial tree are constantly exposed to high levels of shear stress. In contrast, ECs at the arterial branches are exposed to disturbed flow with lower shear stress and more spatial variations. Static EC cultures in vitro, which are not exposed to shear stress, have higher turnover rates than the ECs exposed to laminar shear stress (24) . In line with these findings, DNA synthesis rate in cultured ECs exposed to disturbed flow in a step flow channel (25) is highest in the region of flow reattachment, where the shear stress is near zero with large spatial variations. The exposure of ECs to laminar flow at high shear stress inhibits their DNA synthesis (24) . Although previous findings suggested a shear stress magnitude-dependent inhibition of DNA synthesis in ECs under laminar shear stress, the underlying mechanism is still unclear. In this study, we demonstrated the stress magnitude-dependent increase of p53 in ECs (Fig. 1) . The threshold of shear stress for inducing p53 is between 1.5 and 3 dynes͞cm 2 . At the branch points of arterial vessels, the shear stress can be lower than 1 dyne͞cm 2 because of secondary flow and flow reattachment. In the straight regions, the average shear stress is well above 3 dynes͞cm 2 , and the flow pattern is laminar with little spatial variation.
The tumor suppressor protein p53, acting as a transcription factor, is believed to mediate a number of cellular functions, including cell cycle arrest and apoptosis, in response to various environmental stresses. UV irradiation, which causes EC apoptosis (26) , induces a strong transient increase of p53. In contrast, the application of laminar shear stress to ECs induced a moderate but sustained increase in p53 in the present study (Fig. 1B) and did not cause apoptosis in our previous study (14) . Sustained laminar shear stress, in addition to sparing EC from apoptosis, is capable of preventing the EC apoptosis induced by cytokines (e.g., tumor necrosis factor-␣), oxidative stress, serum starvation, or cytoskeletal disruption (14, (27) (28) (29) . The different phenotypic responses of ECs exposed to UV irradiation vs. laminar shear stress suggest that the time course and intensity of the p53 response may be critical in determining cell fates. It appears that the sustained and moderate level of p53 elevation induced by laminar shear stress causes cell cycle arrest, enhances DNA repair, and serves a protective function against excessive cell proliferation and cell death.
In investigating the mechanism of the increase in p53 level in response to laminar shear stress, we found that the shear-induced JNK activity can phosphorylate p53 in vitro. The time course of the p53 phosphorylation by JNK, with a peak at 30 min, correlates well with that of the JNK response to shear stress (16) . Because the increase in p53 level persists for 24 h after shearing, other shear-induced kinases, such as ataxia-telangioectasia mutated protein and DNA-activated protein kinase, may contribute to this sustained increase, and it appears that JNK plays a role in mediating the increase of p53 mainly in the early phase.
The involvement of GADD45 in cell cycle arrest at G 0 ͞G 1 or G 2 ͞M phase has been suggested in other systems (30, 31) . The GADD45 promoter contains no p53-binding site, and the p53 responsiveness is located in a GC-rich motif containing a WT1 site (22) . These results indicate that p53 regulates the GADD45 promoter through protein-protein interaction (22) . In our experiments, laminar shear stress caused a 12-fold increase in GADD45 promoter activity. This shear-induced GADD45 promoter activity was markedly attenuated by inhibition of the p53 transcription activity with a viral protein E6 and was essentially abolished by mutation of the WT1 site. Hence, our results indicate that shear-induced GADD45 transcription is mediated, at least in part, through the interaction of p53 with WT1. P21 cip1 regulates the cell cycle by binding to cdk͞cyclin complex and acting as a cdk inhibitor. The phosphorylation of Rb by cdk is the critical step for liberating cells from growth suppression (quiescent G 0 ͞G 1 phase) to enter the cell cycle (S phase). Our findings indicate that laminar shear stress induces p21 cip1 expression, which may then inhibit the cdk-mediated Rb phosphorylation. Our findings on the shear-induced Rb hypophosphorylation and p21 expression are in agreement with those in the paper by Akimoto et al. (32) , which we discovered when revising our manuscript. Our study has provided the additional findings that p53 (a p21 up-stream regulator) and GADD45 (another cell growth arrest gene) are also involved in the shear-induced EC arrest.
In conclusion, our findings suggest that the EC cell cycle arrest induced by long-term laminar shear stress is mediated, at least in part, through the p53 pathway. Laminar shear stress increases the p53 level and induces prolonged expressions of GADD45 and p21 cip1 in ECs. The inhibition of cdk activity resulting from the augmentation of p21 cip1 causes Rb hypophosphorylation, which leads to the EC cell cycle arrest at G 0 ͞G 1 phase. These results provide insights into the molecular mechanisms by which laminar flow inhibits EC proliferation to serve a protective role against atherogenesis in the straight parts of the arterial tree. Coupled with our previous study on the enhancement of EC proliferation at reattachment regions that simulate the flow pattern at arterial branch points (25) , these investigations serve to link the mechanics of blood flow to molecular signaling in endothelial cells and their functional behavior in health and disease.
